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START

Form a frequency droop value based on data indicative of electric
power of a power converter.

201

202

Change a frequency control value by the frequency droop value,
the frequency droop value decreasing the frequency control value
when a power flow direction is outwards from alternating voltage
terminals of the power converter.

203

Form a power control value based on data indicative of a target value
of the electric power.

204—

Change the frequency control value by the power control value,

the power control value increasing the frequency control value when
the target value of the electric power corresponds to the power flow
direction outwards from the alternating voltage terminals of

the power converter.

205

Deliver the frequency control value to the power converter so as to
control alternating voltage frequency of the power converter.

Figure 2
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METHOD AND A CONTROL DEVICE FOR

CONTROLLING A POWER CONVERTER

CONFIGURED TO FORM A FREQUENCY
DROOP VALUE BASED ON ELECTRIC

POWER SUPPLIED TO ALTERNATING
CURRENT SYSTEM

CROSS REFERENCE TO RELATED
APPLICATION

This application claims foreign priority benefits under 335
US.C. § 119 to European Patent Application No.
20159044.5 filed on Feb. 24, 2020, the content of which 1s

hereby incorporated by reference 1n 1ts entirety.

TECHNICAL FIELD

The disclosure relates generally to control of a power
converter constituting a part of an alternating current system
¢.g. a microgrid. More particularly, the disclosure relates to
a control device and to a method for controlling a power
converter. Furthermore, the disclosure relates to a computer
program for controlling a power converter.

BACKGROUND

In many cases, an alternating current “AC” system, such
as e.g. a microgrid, 1s supplied with a power converter for
converting direct voltage into one or more alternating volt-
ages ¢.g. into three-phase alternating voltage. An AC system
of the kind mentioned above can be connected 1n parallel
with another AC system that can be for example a utility grid
or an AC system supplied with one or more power convert-
ers and/or one or more gensets each employing a generator
driven by a combustion engine, a wind turbine, a hydro
turbine, or some other prime mover.

A common objective when running an AC system, such as
¢.g. a microgrid, in parallel with another AC system 1s to
share a load between the AC systems. For example, in a case
where a microgrid 1s synchronized and connected to a utility
orid, a desired operation can be such that the utility gnid
teeds all consumed electric power and the microgrid oper-
ates 1n parallel with zero power but 1s ready to take on load
if the utility grid 1s disconnected. For another example, a
battery can be connected to a direct voltage side of a power
converter of a microgrid and the battery 1s charged when the
microgrid 1s connected to the utility grid. To charge the
battery, the power converter draws electric power from the
utility grid and feeds that to the battery. In both the above-
mentioned example cases, the electric power of the power
converter ol the microgrid needs to be controlled.

A traditional solution 1s to employ active front-end “AFE”
control, which means that phase currents of a power con-
verter are controlled using a teedback control. Power control
can be achieved through the current control. However, when
the phase currents are controlled the phase voltages are not
controlled but the phase voltages assume values that are
required to force the phase currents to target values. This 1s
opposite to the microgrid control objective, which 1s to
generate controlled sinusoidal voltages and let loads deter-
mine the currents. Thus, to employ the AFE control 1n a
microgrid run in parallel with a utility grid means a need to
use the AFE control when the utility grid 1s connected and
to switch to voltage control when the utility grid i1s discon-
nected and a power converter of the microgrid needs to
generate desired sinusoidal voltages. Implementing both the
AFE control and the voltage control increases however
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complexity and costs. Furthermore, 1t 1s challenging to
implement a switchover between the AFE control and the

voltage control so that voltages continue smoothly during
the switchover. For example, the switchover may require
stopping of modulation in the power converter of the micro-
orid. If the utility grid 1s not connected when the modulation
1s stopped, the microgrid experiences a black out situation.
A requirement that the modulation 1s not stopped means that
a switchover process should be carried out in a short time
frame, e.g. about 100 microseconds. The control mode that
1s being switched on needs to be mitialized so that the
voltages smoothly continue when the previous control mode
leaves them. This requirement increases complexity and sets
considerable requirements to computation resources. Fur-
thermore, 1n order the switchover to occur at correct time, a
disconnection or connection of the utility grid needs to be
sensed. This may be challenging in cases where another
party 1s operating a contactor connecting and disconnecting
the microgrid and the utility grid. Furthermore, a discon-
nection can be unintentional and thus instantaneous micro-
orid operation 1s needed to prevent a black out situation. In
cases of the kind mentioned above, determination of a
correct switchover time becomes a critical factor.

SUMMARY

The following presents a simplified summary 1n order to
provide a basic understanding of some aspects of various
invention embodiments. The summary 1s not an extensive
overview of the mvention. It 1s neither intended to i1dentity
key or critical elements of the invention nor to delineate the
scope of the mvention. The following summary merely
presents some concepts of the invention 1n a simplified form
as a prelude to a more detailed description of exemplifying
embodiments of the mvention.

In accordance with the invention, there 1s provided a new
control device for controlling a power converter that can be
¢.g. a power converter constituting a part of an alternating
current “AC” microgrid.

A control device according to the invention comprises a
data processing system configured to:

form a frequency droop value based on data indicative of

clectric power of the power converter, and

change a frequency control value by the frequency droop

value, the frequency droop value decreasing the fre-
quency control value when a power flow direction 1s
outwards from alternating voltage terminals of the
power converter,

form a power control value based on data indicative of a

target value of the electric power,

change the frequency control value by the power control

value, the power control value increasing the frequency
control value when the target value of the electric
power corresponds to the power flow direction out-
wards from the alternating voltage terminals of the
power converter, and

deliver the frequency control value to the power converter

so as to control alternating voltage frequency of the
power converter.

The dependence of the frequency control value on the
frequency droop value constitutes a drooping feedback from
the electric power of the power converter to the alternating,
voltage frequency of the power converter. Electric power
supplied by the power converter to an alternating current
“AC” system, e.g. a parallel connection of an AC micrognd
and an AC utility grid, increases when the alternating
voltage frequency of the power converter 1s greater than
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operating frequency of the AC system because this fre-
quency difference increases a power angle between the
power converter and the AC system. In this exemplifying
case, the above-mentioned drooping teedback decreases the
alternating voltage frequency of the power converter, which
in turn reduces the electric power. Correspondingly, the
clectric power supplied by the power converter to the AC
system decreases when the alternating voltage frequency of
the power converter 1s less than the operating frequency of
the AC system because this frequency diflerence decreases
the above-mentioned power angle. In this case, the above-
mentioned drooping feedback increases the alternating volt-
age frequency of the power converter, which increases the
clectric power.

As a corollary of the above-described drooping feedback,
the electric power 1s driven to a value at which a combined
ellect of the drooping feedback and the above-mentioned
power control value makes the alternating voltage frequency
of the power converter to be the same as the operating
frequency of the AC system. Thus, the electric power can be
controlled by changing the power control value 1n order to
drive the electric power to its target value. If, for example,
the power control value 1s stepwise increased, the alternating,
voltage frequency of the power converter gets greater than
the operating frequency of the AC system and thus the power
angle and thereby the electric power supplied to the AC
system start to increase. As a corollary of the increasing
clectric power, the drooping feedback starts to decrease the
alternating voltage frequency of the power converter until
the alternating voltage frequency of the power converter gets
equal to the operating frequency of the AC system and
thereby the power angle stops increasing. The end-value of
the power angle 1s greater than 1ts value at a time 1nstant of
the stepwise increase of the power control value. Thus, 1n the
above-described exemplilying case, the electric power 1is
increased by an amount corresponding to the stepwise
increase of the power control value. Furthermore, the droop-
ing feedback makes 1t possible for the power converter to
adapt to vaniations of the operating frequency of the AC
system.

In this document, the term “electric power” means active
power 1n conjunction with AC systems, 1.e. not reactive
power nor apparent power. The term “electric power” 1s used
because this term 1s applicable in conjunction with both AC
systems and direct current “DC” systems.

In accordance with the invention, there 1s provided also a
new power converter that comprises:

a converter stage configured to form one or more alter-

nating voltages, and

a driver stage configured to control the converter stage to

form the one or more alternating voltages in accordance
with a frequency control value expressing frequency of
the one or more alternating voltages, and

a control device according to the invention and configured

to determine the frequency control value.
In accordance with the invention, there 1s provided also a
new method for controlling a power converter. A method
according to the mvention comprises:
forming a frequency droop value based on data indicative
of electric power of the power converter, and

changing a frequency control value by the frequency
droop value, the frequency droop value decreasing the
frequency control value when a power flow direction 1s
outwards from alternating voltage terminals of the
power converter,

forming a power control value based on data indicative of

a target value of the electric power,
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4

changing the frequency control value by the power con-
trol value, the power control value increasing the
frequency control value when the target value of the
clectric power corresponds to the power flow direction
outwards from the alternating voltage terminals of the
power converter, and

delivering the frequency control value to the power con-

verter so as to control alternating voltage frequency of
the power converter.

In accordance with the invention, there 1s provided also a
new computer program for controlling a power converter. A
computer program according to the invention comprises
computer executable instructions for controlling a program-
mable processing system to:

form a frequency droop value based on data indicative of

clectric power of the power converter, and

change a frequency control value by the frequency droop

value, the frequency droop value decreasing the fre-
quency control value when a power tlow direction 1s
outwards from alternating voltage terminals of the
power converter,

form a power control value based on data indicative of a

target value of the electric power,

change the frequency control value by the power control

value, the power control value increasing the frequency
control value when the target value of the electric
power corresponds to the power flow direction out-
wards from the alternating voltage terminals of the
power converter, and

deliver the frequency control value to the power converter

so as to control alternating voltage frequency of the
power converter.

In accordance with the invention, there 1s provided also a
new computer program product. The computer program
product comprises a non-volatile computer readable
medium, e.g. a compact disc “CD”, encoded with a com-
puter program according to the invention.

Various exemplilying and non-limiting embodiments are
described 1 accompanied dependent claims.

Various exemplifying and non-limiting embodiments both
as to constructions and to methods of operation, together
with additional objects and advantages thereof, will be best
understood from the following description of specific exem-
plifying and non-limiting embodiments when read 1n con-
junction with the accompanying drawings.

The verbs “to comprise” and “to include” are used in this
document as open limitations that neither exclude nor
require the existence of un-recited features. The features
recited in dependent claims are mutually freely combinable

unless otherwise explicitly stated. Furthermore, 1t 1s to be

understood that the use of “a” or “an”, 1.e. a singular form,

throughout this document does not exclude a plurality.

BRIEF DESCRIPTION OF THE FIGURES

Exemplilying and non-limiting embodiments and their
advantages are explained 1n greater detail below 1n the sense
of examples and with reference to the accompanying draw-
ings, in which:

FIG. 1a illustrates a power converter according to an
exemplilying and non-limiting embodiment, FIG. 15 1llus-
trates a control device according to an exemplifying and
non-limiting embodiment, and FIG. 1c¢ illustrates a control
device according to another exemplifying and non-limiting
embodiment, and
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FIG. 2 shows a flowchart of a method according to an
exemplifying and non-limiting embodiment for controlling a
power converter.

DETAILED DESCRIPTION

The specific examples provided 1n the description below
should not be construed as limiting the scope and/or the
applicability of the accompanied claims. Lists and groups of
examples provided in the description are not exhaustive
unless otherwise explicitly stated.

FIG. 1a shows a high-level block diagram of a power
converter 109 according to an exemplitying and non-limait-
ing embodiment. In the exemplitying case presented in FIG.
1, the power converter 109 1s configured to transier electric
power between a direct current “DC” system 1035 and an
alternating current “AC” system 114 via a line filter 106 that
can be for example an inductor-capacitor-inductor “LCL”
filter. In this exemplifying case, the AC system 114 com-
prises an AC microgrid 107 and another AC grid 108 that
can be e.g. an AC utility grid. The AC microgrid 107 and the
AC grid 108 are parallel connected via a circuit breaker 115.
The DC system 105 can be for example such that it some-
times supplies electric power to the power converter 109 1.¢.
U, ~xI5~>0, but sometimes 1t receives electric power from
the power converter 109 1e. U, -xI,5~<0, and sometimes
there 1s no electric power transier between the DC system
105 and the power converter 109 1.e. U, xI,,~0. The DC
system 105 may comprise for example a fuel cell and/or a
photovoltaic panel and/or a battery system and/or a capacitor
system, where the battery and/or capacitor system 1s some-
times charged and sometimes discharged.

The power converter 109 comprises a converter stage 104
configured to convert the direct voltage U, ~ 1nto alternating
voltages. In this exemplifying case, the power converter 109
1s configured to convert the direct voltage U, nto three-
phase alternating voltage. It 1s however also possible that the
number of phases 1s less than three or greater than three. The
converter stage 104 can be e.g. an mverter bridge 1mple-
mented with controllable semiconductor components such
as e.g. insulated gate bipolar transistors “IGBT” or gate turn
off “GTO” thyristors, and possibly with diodes that are
antiparallel with the controllable semiconductor compo-
nents. The power converter 109 comprises a driver stage 103
configured to control the converter stage 104 to form the
three-phase alternating voltage 1n accordance with a 1fre-
quency control value 1. expressing frequency of the three-
phase alternating Veltage In this exemplifying power con-
verter 109, the driver stage 103 1s configured to control the
converter stage 104 also i1n accordance with a voltage
control value U that expresses an amplitude of the three-
phase alternating voltage. The three-phase alternating volt-
age can be produced e.g. by forming phase voltage refer-
ences and running pulse width modulation “PWM” 1n
accordance with the phase voltage references. The PWM
results 1n phase voltages that constitute the three-phase
alternating voltage. There are also other techniques to form
the three-phase alternating voltage using PWM, e.g. space-
vector modulation.

The power converter 109 comprises a control device 101
according to an exemplilying and non-limiting embodiment
for determining the above-mentioned Irequency control
value T . In this exemplitying case, the control device 101 1s
configured to determine the above-mentioned voltage con-
trol value U _, too. A signal diagram of the control device 101
1s shown 1n FIG. 1b. The control device 101 comprises a
data processing system 102 configured to form a frequency
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6

droop value Af, ., based on data indicative of actual
electric power p__.. of the power converter 109. The data
processing system 102 1s configured to change the frequency
control value 1_ by the frequency droop value At , so that
the frequency dreep value decreases the frequency control
value 1. when a power flow direction 1s outwards from
alternating voltage terminals 113 of the power converter 109
1.€. the power flow direction 1s from the power converter 109
to the AC system 114. Correspondingly, the frequency droop
value At increases the frequency control value t. when
the power flow direction 1s from the AC system 114 to the
power converter 109. The dependence of the frequency
control value 1_ on the frequency droop value At con-
stitutes a drooping teedback from the electric power p_ .. of
the power converter 109 to the alternating voltage frequency
of the power converter 109. The electric power p__, increases
when the alternating voltage frequency of the power con-
verter 109 1s greater than operating frequeney of the AC
system 114 because this frequency difference increases a
power angle between the power converter 109 and the AC
system 114. In this exemplifying situation, the above-men-
tioned drooping feedback decreases the alternating voltage
frequency of the power converter 109, which in turn reduces
the electric power p__.. Correspondingly, the electric power
p.... decreases when the alternating voltage frequency of the
power converter 1s less than the operating frequency of the
AC system 114 because this frequency difference decreases
the above-mentioned power angle. In this exemplifying
situation, the above-mentioned drooping feedback increases
the alternating voltage frequency of the power converter
109, which 1n turn increases the electric power p ..

The data processing system 102 1s configured to form a
power control value At based on data indicative of a target
value p,,-of the electric power of the power converter 109.
The data processing system 102 1s configured to change the
tfrequency control value 1, by the power control value At so
that the power control value increases the frequency control
value when the target value p, . corresponds to the power
flow direction outwards from the alternating voltage termi-
nals 113 of the power converter 1.e. the power tflow direction
from the power converter 109 to the AC system 114.
Correspondingly, the power control value At decreases the
tfrequency control value f_ when the target value p,, . corre-
sponds to the power tlow direction from the AC system 114
to the power converter 109. The data processing system 102
1s configured to deliver the frequency control value 1. to the
driver stage 103 so as to control the alternating voltage
frequency of the power converter 109.

As a corollary of the above-described drooping feedback,
the electric power p_ .. 1s driven to a value at which a
combined eflect of the drooping feedback and the above-
mentioned power control value At makes the alternating
voltage frequency of the power converter 109 to be the same
as the operating frequency of the AC system 114. Thus, the
clectric power p__. can be controlled by changing the power
control value At 1n order to drive the electric power p,,_, to
its target value p,, . If, for example, the power control value
At 1s increased by a stepwise increment dAt, , the alter-
nating voltage frequency of the power converter 109 gets
greater than the operating frequency of the AC system 114
and thus the power angle and thereby the electric power p_
start to increase. As a corollary of the increasing electric
power p_ ., the drooping feedback starts to decrease the
alternating voltage frequency of the power converter 109
until the alternating voltage frequency of the power con-
verter 109 gets equal to the operating frequency of the AC

system 114 and thereby the power angle stops increasing.




US 11,831,231 B2

7

The end-value of the power angle 1s greater than its value at
a time 1nstant of the stepwise increase of the power control
value. Thus, in the above-described exemplifying case, the
electric power p,__. 1s increased by an amount corresponding
to the stepwise increment dAf . of the power control value.

In a control device according to an exemplifying and
non-limiting embodiment, the data processing system 102 1s
configured to form the frequency control value f . according
to the following formulas:

Je :fﬂ_-&ﬁimap +Afpr:: (1)

‘&ﬁimﬂp = & Pacts ﬂﬂd (2)

&fpc =a’pr@r: (3)

where 1, 1s a base value of the frequency control value, and
o 1s a drooping coefficient for changing the frequency
control value . 1n accordance with the electric power p,__...
The base value f, can be set, for example, as close as
possible to the operating frequency of the AC system 114.
The drooping coefficient o0 can be for example:

(4)

= kdmﬂpﬁmm /pnﬂm:

where k4, 1S a drooping rate coetficient, f,,,, 1s a nominal
operating frequency of the AC system 114, and p,,,, 1s a
nominal electric power of the power converter 109. The
drooping rate coetficient k. can be for example in the
range from 0.01 to 0.1, e.g. 0.04.

The above-presented formulas 1-3 manifest that in a
steady state the actual electric power p__, 1s equal to the
target value p, . 1f the base value f, 1s the operating fre-
quency of the AC system 114 because, 1n the steady state, the
alternating voltage frequency of the power converter 109
must be equal to the operating frequency of the AC system
114, 1.e. . must be equal to f, Therefore, based on the

formula 1, Af, must be equal to Af__, which yields

pe?

roop

pacrzpref"
In a control device according to an exemplifying and

non-limiting embodiment, the data processing system 102 1s
configured to limit a rate of change of the power control
value At 1.e. dAf /dt, to be at most a predetermined upper
limit. In FIG. 1b, the limitation of the rate of change 1s
depicted with a ramping block 110. The limitation of the rate
of change can be advantageous for example when the AC
microgrid 107 1s started from a black-out situation.
Without limiting the generality, we can consider an exem-
plifying situation in which the circuit breaker 115 1s closed
1.e. the AC microgrid 107 and the AC grid 108 are parallel
connected, the electric power p__, of the power converter 109
1s e.g. zero and the electric power supplied by the AC gnd
108 to the AC microgrid 107 1s the nominal power p,__ of
the power converter 109. The target value p, - 1s assumed to
be zero. Next, we assume that the operating frequency of the
AC gnid 108 changes by Af. The change Af causes a change
in the electric power p_ ., of the power converter 109 because
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3

the change Af causes a frequency difference between the
power converter 109 and the AC system 114. In a new
equilibrium point, the alternating voltage frequency of the
power converter 109 has changed by the Af and the electric
power p_ . 1s —Af/o. The electric power p__, can be returned
back to zero by adjusting the target value p,, . to be At/a.
Thus, the above-described power control can be used for
keeping the electric power p__, of the power converter 109
at a desired value when the operating frequency of the AC
orid 108 changes.

For another example, we assume that the circuit breaker
115 1s suddenly opened when the operating frequency of the
AC grid 108 1s the nominal operating frequency f,___ , the AC

FLOFFL?

grid 108 supplies electric power p, . to the AC microgrid
107, the electric power p,_ .. of the power converter 109 1s
zero, and the target value p,,-1s zero. In the above-described
exemplifying situation, the AC microgrid 107 starts to draw
electric power from the power converter 109, 1.e. the opera-
tion of the power converter 109 resembles an uninterruptible
power supply “UPS” operation. The drooping feedback
causes that the alternating voltage frequency of the power
converter 109 drops by oap, .. If the drooping rate coeifi-

cient k18 e.g. 0.04, the alternating voltage frequency of

the power converter 109 drops by 4%Xxp,, .. /P,...- 1he
alternating voltage frequency of the power converter 109

can be returned back to the f, by adjusting the p,, . to be
the Pioqq-

In a control device according to an exempliiying and
non-limiting embodiment, the data processing system 102 1s
configured to form a voltage droop value Au, . based on
data indicative of reactive power Q of the power converter
109. The data processing system 102 1s configured to change
the voltage control value U_ so that the voltage droop value
decreases the amplitude of the three-phase voltage of the
power converter 109 1n response to a situation in which the
power converter 109 produces inductive reactive power 1.e.
consumes capacitive reactive power. Correspondingly, the
voltage droop value increases the amplitude of the three-
phase voltage 1n response to a situation in which the power
converter 109 consumes inductive reactive power. The
above-described voltage drooping facilitates a control of the
reactive power. For example, 1n a case where two power
converters are connected to a same AC grid, the voltage
drooping 1s a tool for sharing reactive power between these
power converters.

In a control device according to an exemplifying and
non-limiting embodiment, the data processing system 102 1s
configured to form the voltage control value U _. according to
the following formulas:

&)

U::: = U[) — ﬁudmgp, and

Aud?"ﬂﬂp — ’.}"Q: (6)

where U, 1s a base value of the voltage control value and vy
1s a voltage drooping coeflicient for changing the voltage
control value U_ in accordance with the reactive power Q.
The reactive power Q 1s positive when the power converter
109 produces inductive reactive power. The base value U,
can be set to be for example the nominal voltage of the AC
system 114.
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In the exemplifying case illustrated in FIGS. 1a and 15,
the data indicative of the actual electric power p_ . comprises
measured or estimated values of the direct voltage U, and
the direct current I,,. The actual electric power p,_ ., can be
estimated as U, XI, - 1f losses in the converter stage 104
can be deemed to be negligible. In an exemplifying case 1n
which the direct voltage U, - 1s kept substantially constant,
it may suffice that the data indicative of the electric power
comprises the measured or estimated value of the direct
current I~ only. It 1s also possible that the data indicative of
the electric power comprises a measured or estimated value
of active current at the alternating voltage terminals 113 of
the power converter 109 and a measured or estimated
amplitude of the three-phase alternating voltage produced by
the power converter 109. In an exemplifying case in which
the amplitude of the three-phase alternating voltage 1s kept
substantially constant, i1t may suffice that the data indicative
of the electric power comprises the measured or estimated
value of the active current only. Thus, 1t 1s possible that
actual and target values of the active current are used 1nstead
of the actual and target values p,., and p,, . of the electric
power.

As 1llustrated by the above-presented formulas 1-3, the
actual electric power p__, of the power converter 109 1s equal
to the target value p,,-1n a steady state if the base value {,
equals the operating frequency of the AC system 114. In
practice, the operating frequency of the AC system 114 may
vary and thus the base value f, may differ from the operating
frequency of the AC system 114. In this case, the actual
electric power p__. 1s driven to a value such that the differ-
ence between the actual electric power p,_ .. and the target
value p,.- compensates for the difference between the base
value f, and the real operating frequency of the AC system
114. This situation can be handled e.g. by adjusting the target
value p,.r so that the actual electric power p,, reaches its
desired value. It 1s also possible to form a correction value
which 1s added to the frequency control value . and which
compensates for the difference between the base value f, and
the real operating frequency of the AC system 114 so that the
actual electric power p_ ., does not need to differ from the
target value p,, .

FIG. 1c¢ shows a signal diagram of a control device
according to an exemplifying and non-limiting embodiment
for determining the above-mentioned frequency control
value f .. In this exemplifying case, the data processing
system of the control device 1s configured to compute a time
integral of an error value e that 1s proportional to a difference
between the target value p, . of the electric power and the
actual electric power p_.. The data processing system 1s
configured to correct the frequency control value with a
correction value Af____ that 1s dependent on the time integral
of the error value. The time 1ntegral 1s changing as long as
the actual electric power p_ .. differs from the target value
P,.r Thus, in a steady state where the time integral does not
substantially change, the actual electric power p_ . 1s sub-
stantially equal to the target value p, . and the correction
value Al compensates for the difference between the base

COOFF

value f, and the real operating frequency of the AC system
114.

In a control device according to an exemplifying and
non-limiting embodiment, the data processing system 1s
configured to form the frequency control value { . according
to the following formulas:
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fn:' — ﬁ]‘ o '&ﬁimﬂp + Afp::' T &ﬁ:ﬂrr: (7)

A faroop = O Pacrs (8)

A fpe = O Prer, and (9)

10
'&.ﬁ:arr — )81 f(pr@( o pacr)dr T IBP(pref o pacr): 40

where [, and B, are control parameters. The above-men-
tioned formula 10 represents a proportional and integrative
“PI”” controller. The control parameters [, and B, can be for
example:

B,=0lg, and

BIZM}’?

where g 1s a gain coefficient and T, 1s an integration time. As
presented earlier in formula 4, the drooping coefficient o can
be for example K., {,.0,./Priom- In FIG. 1c, the PI controller
1s depicted with a controller block 111. It 1s also possible that
g 1s zero and thereby the controller block 111 1s a mere
integrative controller.

In a control device according to an exemplifying and
non-limiting embodiment, the data processing system 1s
configured to limit the correction value Af . to be at least

a predetermined lower limit Af

corr-min and at most a prede-
termined upper limit Af__ ., . In FIG. 1¢, the limitation of
the correction value Af

... 18 depicted with a limiter block
112. The data processing system 1s advantageously config-
ured to implement an anti-windup functionality that prevents
an absolute value of the above-mentioned time integral from
Increasing in response to a situation in which the correction
value Af reaches the above-mentioned upper lLmit

At .. max OF the above-mentioned lower limit Af

The above-described limitation of the correction value
Af____ may become active 1n situations where the AC gnd
108 shown 1in FIG. 1a 1s cut off and the power converter 109
1s left alone to feed the AC micrognid 107 that 1s an 1sland
orid after the cut off. For example, 1f the power converter
109 was operating with a negative target value p, . of the
electric power e.g. charging a battery of the DC system 105,
the cutting off the AC grid 108 makes the drooping feedback
to decrease the alternating voltage frequency of the power
converter 109 because the electric power p_., cannot be
negative any more 1.e. the power converter 109 cannot
rece1ve electric power from the AC system 114 and thus the
electric power, as a signed quantity, increases after the cut
off. The decrease 1n the alternating voltage frequency cannot
however drive the electric power p, ., to meet the negative
target value because the AC grid 108 1s not connected
anymore. Thus the difference p,_—p,,, stays negative and the
correction value Af . decreases until it meets i1ts lower limit
At .. .nr Thereafter, the alternating voltage frequency 1s
o+ AL it OP,—OD,, and the power converter 109 feeds
the loads connected to the AC microgrid 107.

The implementation of the data processing system 102

shown 1n FIG. 1a can be based on one or more analogue
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circuits, one or more digital processing circuits, or a com-
bination thereof. Each digital processing circuit can be a
programmable processor circuit provided with appropnate
solftware, a dedicated hardware processor such as for
example an application specific itegrated circuit “ASIC”, 5
or a configurable hardware processor such as for example a
field programmable gate array “FPGA”. Furthermore, the

data processing system 102 may comprise one or more
memory circuits each of which can be for example a
random-access memory “RAM” circuit. 10

FIG. 2 shows a flowchart of a method according to an
exemplilying and non-limiting embodiment for controlling a
power converter. The method comprises the following
actions:

action 201: forming a trequency droop value based on s

data indicative of electric power of the power con-
verter, and
action 202: changing a frequency control value by the
frequency droop value, the frequency droop value
decreasing the frequency control value when a power
flow direction 1s outwards from alternating voltage
terminals of the power converter,
action 203: forming a power control value based on data
indicative of a target value of the electric power,

action 204: changing the frequency control value by the
power control value, the power control value increasing 25
the frequency control value when the target value of the
clectric power corresponds to the power flow direction
outwards from the alternating voltage terminals of the
power converter, and

action 205: delivering the frequency control value to the 5

power converter so as to control alternating voltage
frequency of the power converter.

In a method according to an exemplifying and non-
limiting embodiment, the frequency control value 1s formed
according to the following formulas:

20

35
-f-::: :f&}_&f;ffﬂﬂﬁ+&fj?:??
&-ffé}"ﬂﬂﬁ — ﬂpﬂff? H"I]‘d
AL e=0D, o5 40

where 1 . 1s the frequency control value, 1, 1s a base value of
the frequency control value, p_ . 1s the electric power of the
power converter, At 1s the frequency droop value, p, 1s
the target value of the electric power, At 1s the power
control value, and o i1s a drooping coeflicient for changing 4>
the frequency control value in accordance with the electric
power.

A method according to an exemplilying and non-limiting
embodiment comprises limiting a rate of change of the
power control value to be at most a predetermined upper 5o
limit of the rate of change.

A method according to an exemplilying and non-limiting
embodiment comprises computing a time integral of an error
value proportional to a diflerence between the target value of
the electric power and the electric power, and correcting the
frequency control value with a correction value dependent
on the time integral of the error value.

In a method according to an exemplilying and non-
limiting embodiment, the frequency control value 1s formed

according to the following formulas:

.f.::: :‘fé}_&f;fra f::rp-l_‘&.};? .:':+A.f.:;arr:

55

60

Aj:fraop — ﬂp Fot?
‘&‘.};c:apr&ﬁ and 65

&.];arr:ﬁff (pref— 14 .:I-:‘:r) df,
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where Af___ 1s the correction value and [3; 1s a control
parameter.

In a method according to an exemplifying and non-
limiting embodiment, the error value, €.2. p,,~P..» 18 an
input value of a proportional and integrative controller and
the correction value 1s an output value of the proportional
and integrative controller.

A method according to an exemplifying and non-limiting
embodiment comprises limiting the correction value to be at
least a predetermined lower limit of the correction value and
at most a predetermined upper limit of the correction value.

A method according to an exemplifying and non-limiting
embodiment comprises preventing an absolute value of the
above-mentioned time integral from increasing in response
to a situation in which the correction value reaches the
predetermined upper limit of the correction value or the
predetermined lower limit of the correction value.

A method according to an exemplifying and non-limiting
embodiment comprises forming a voltage droop value based
on data indicative of reactive power of the power converter.
The voltage droop value decreases an amplitude of voltage
of the power converter 1n response to a situation 1n which the
power converter produces inductive reactive power. Corre-
spondingly, the voltage droop value increases the amplitude
of the voltage of the power converter 1n response to a
situation 1n which the power converter consumes inductive
reactive power.

A computer program according to an exemplifying and
non-limiting embodiment comprises computer executable
instructions for controlling a programmable processing sys-
tem to carry out actions related to a method according to any
of the above-described exemplilying and non-limiting
embodiments.

A computer program according to an exemplitying and
non-limiting embodiment comprises software modules for
controlling a power converter. The software modules com-
prise computer executable instructions for controlling a
programmable processing system to:

form a frequency droop value based on data indicative of

clectric power of the power converter, and

change a frequency control value by the frequency droop

value, the frequency droop value decreasing the fre-
quency control value when a power flow direction 1s
outwards from alternating voltage terminals of the
power converter,

form a power control value based on data indicative of a

target value of the electric power,

change the frequency control value by the power control

value, the power control value increasing the frequency
control value when the target value of the electric
power corresponds to the power flow direction out-
wards from the alternating voltage terminals of the
power converter, and

deliver the frequency control value to the power converter

so as to control alternating voltage frequency of the
power converter.

The software modules can be for example subroutines or
functions implemented with programming tools suitable for
the programmable processing system.

A computer program product according to an exemplify-

ing and non-limiting embodiment comprises a computer
readable medium, e.g. a compact disc “CD”, encoded with
a computer program according to an exemplifying embodi-
ment of invention.
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A signal according to an exemplifying and non-limiting
embodiment 1s encoded to carry information defining a
computer program according to an exemplifying embodi-
ment of 1vention.

The specific examples provided in the description given
above should not be construed as limiting the scope and/or
the applicability of the appended claims. Lists and groups of
examples provided in the description given above are not
exhaustive unless otherwise explicitly stated.

What 1s claimed 1s:

1. A control device for controlling a power converter, the
control device comprising a data processing system config-
ured to:

form a frequency droop value (Af, ) based on data

(U, 15~ 1ndicative of electric power (p,,.) of the
power converter, and

change a frequency control value (1) by the frequency

droop value, the frequency droop value decreasing the
frequency control value when a power flow direction 1s
outwards from alternating voltage terminals of the
power converter,

wherein the data processing system 1s configured to:

torm a power control value (At ) based on data indicative

of a target value (p,.,) of the electric power,

change the frequency control value by the power control

value, the power control value increasing the frequency
control value when the target value of the electric
power corresponds to the power flow direction out-
wards from the alternating voltage terminals of the
power converter,

deliver the frequency control value to the power converter

so as to control alternating voltage frequency of the
power converter,

compute a time integral of an error value proportional to

a ditterence (p,.p...) between the target value of the
clectric power and the electric power,

correct the frequency control value with a correction

value (Af__ ) dependent on the time integral of the
error value, and

limit the correction value to be at least a predetermined

lower limit of the correction value and at most a
predetermined upper limit of the correction value.

2. The control device according to claim 1, wherein the
data processing system 1s configured to form the frequency
control value according to the following formulas:

.f.::: :J%_&J{;fraﬂp-l-‘&.];c:
&J(.;fraap —UP e and

A.];:u‘: —up rejf?

where {_ 1s the frequency control value, 1 1s a base value

of the frequency control value, p_, . 1s the electric power

of the power converter, At 1s the frequency droop

value, p,.r1s the target value of the electric power, At ,_

1s the power control value, and a 1s a drooping coel-

ficient for changing the frequency control value 1n
accordance with the electric power.

3. The control device according to claim 1, wherein the
data processing system 1s configured to limait a rate of change
of the power control value (At ) to be at most a predeter-
mined upper limit of the rate of change.

4. The control device according to claim 1, wherein the
data processing system 1s configured to form the frequency

control value according to the following formulas:
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.f.::: :.f(‘}_&f draap-l_‘&j;? c+&.f.:::c}rr:
&f.;f'raﬂp —UP ser
Afpe=0p, 5 and

‘&“.f.:::-:}rr:ﬁf (p ref P -:Icr) df,

where 1 1s the frequency control value, 1, 1s a base value

of the frequency control value, p_ . 1s the electric power

ot the power converter, At 1s the frequency droop

value, p,.r1s the target value of the electric power, At ,_

1s the power control value, Af_ _ _ 1s the correction
value, o 1s a drooping coetlicient for changing the
frequency control value 1n accordance with the electric
power, and [3, 1s a control parameter.

5. The control device according to claim 1, wherein the
data processing system 1s configured to constitute a propor-
tional and integrative controller, and the error value 1s an
input value of the proportional and integrative controller and
the correction value 1s an output value of the proportional
and integrative controller.

6. The control device according to claim 1, wherein the
data processing system 1s configured to prevent an absolute
value of the time integral from increasing in response to a
situation 1n which the correction value reaches the prede-
termined upper limit of the correction value or the prede-
termined lower limit of the correction value.

7. The control device according to claim 1, wherein the
data processing system 1s configured to form a voltage droop
value (Au,,,,,) based on data indicative of reactive power
(QQ) of the power converter, the voltage droop value decreas-
ing an amplitude of voltage of the power converter in
response to a situation in which the power converter pro-
duces inductive reactive power.

8. A power converter comprising;

a converter stage configured to form one or more alter-

nating voltages, and

a driver stage configured to control the converter stage to

form the one or more alternating voltages in accordance
with a frequency control value (1)) expressing ire-
quency of the one or more alternating voltages, and

a control device configured to determine the frequency

control value,
wherein the control device comprising a data processing
system configured to:

torm a frequency droop value (Af,,,,) based on data
(Upse 15~ Indicative of electric power (p,.,) of the
power converter, and

change the frequency control value (1) by the frequency
droop value, the frequency droop value decreasing the
frequency control value when a power flow direction 1s
outwards from alternating voltage terminals of the
power converter,

wherein the data processing system 1s configured to:

torm a power control value (At ) based on data indicative
of a target value (p,.,) of the electric power,

change the frequency control value by the power control
value, the power control value increasing the frequency
control value when the target value of the electric
power corresponds to the power flow direction out-
wards from the alternating voltage terminals of the
power converter, and

deliver the frequency control value to the power converter
so as to control alternating voltage frequency of the
power converter,

compute a time integral of an error value proportional to
a difference (p,.~p,.,) between the target value of the
clectric power and the electric power,
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correct the frequency control value with a correction
value (Af__ ) dependent on the time integral of the
error value, and

limit the correction value to be at least a predetermined

lower limit of the correction value and at most a
predetermined upper limit of the correction value.

9. The power converter according to claim 8, wherein the
driver stage 1s configured to control the converter stage to
form the one or more alternating voltages 1n accordance with
the frequency control value (1) and a voltage control value
(U_), and the control device 1s a control device and config-
ured to determine the voltage control value.

10. A method for controlling a power converter, the
method comprising:

forming a frequency droop value (At ) based on data

indicative of electric power (p,_.,) of the power con-
verter, and
changing a frequency control value (1) by the frequency
droop value, the frequency droop value decreasing the
frequency control value when a power flow direction 1s
outwards from alternating voltage terminals of the
power converter,
wherein the method further comprises:

forming a power control value (A, ) based on data
indicative of a target value (p,.,) of the electric power,

changing the frequency control value by the power con-
trol value, the power control value increasing the
frequency control value when the target value of the
clectric power corresponds to the power flow direction
outwards from the alternating voltage terminals of the
power converter,

delivering the frequency control value to the power con-

verter so as to control alternating voltage frequency of
the power converter,

computing a time itegral of an error value proportional

to a difference (p,.~p...) between the target value of
the electric power and the electric power,

correcting the frequency control value with a correction

value (Af__ ) dependent on the time integral of the
error value, and

limiting the correction value to be at least a predetermined

lower limit of the correction value and at most a
predetermined upper limit of the correction value.

11. The method according to claim 10, wherein the
method comprises computing a time integral of an error
value proportional to a difterence (p,.~p,.,) between the
target value of the electric power and the electric power, and
to correct the frequency control value with a correction
value (At _ ) dependent on the time integral of the error
value.

QFF
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12. A computer program for controlling a power con-
verter, the computer program comprising computer execut-
able 1structions for controlling a programmable processing
system to:

form a frequency droop value (At, ) based on data

indicative of electric power (p,..) of the power con-
verter, and

change a frequency control value (1) by the frequency

droop value, the frequency droop value decreasing the
frequency control value when a power flow direction 1s
outwards from alternating voltage terminals of the
power converter,
wherein the computer program comprises computer execut-
able structions for controlling the programmable process-
ing system to:

torm a power control value (Af,_) based on data indicative

ot a target value (p, ) ot the electric power,

change the frequency control value by the power control

value, the power control value increasing the frequency
control value when the target value of the electric
power corresponds to the power flow direction out-
wards from the alternating voltage terminals of the
poOwer converter,

deliver the frequency control value to the power converter

so as to control alternating voltage frequency of the
power converter,

compute a time 1ntegral of an error value proportional to

a ditterence (p,,~p,.,) between the target value ot the
clectric power and the electric power,

correct the frequency control value with a correction

value (Af . ) dependent on the time integral of the
error value, and

limit the correction value to be at least a predetermined
lower limit of the correction value and at most a
predetermined upper limit of the correction value.

13. A non-volatile computer readable medium encoded
with a computer program according to claim 12.

14. The control device according to claim 2, wherein the
data processing system 1s configured to limait a rate of change
of the power control value (Af, ) to be at most a predeter-
mined upper limit of the rate of change.

15. The control device according to claim 4, wherein the
data processing system 1s configured to constitute a propor-
tional and integrative controller, and the error value 1s an
input value of the proportional and integrative controller and
the correction value 1s an output value of the proportional
and integrative controller.

G ex x = e
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